Cure, MD; Roberta L. DeBiasi, MD, MS; Adre J. du Plessis, MBChB, MPH IMPORTANCE The evolution of fetal brain injury by Zika virus (ZIKV) infection is not well described.
A lmost 70 years after its initial discovery, Zika virus (ZIKV) captured international attention when its devastating effects to the developing human brain became recognized during a pandemic outbreak of congenital microcephaly. Since late 2015, large regions of South and Central America and the Caribbean were affected by 1,2 the neurologic phenotype of the congenital ZIKV syndrome and the associated brain imaging findings of neuronal migration abnormalities, callosal and cerebellar malformation, and ventriculomegaly. [3] [4] [5] [6] [7] The international medical community had to quickly develop an understanding of the infection and provide recommendations for evaluation of exposed and infected pregnant women and their infants. 8 Fetal brain injury or malformation owing to congenital infection is usually first suspected during routine antenatal ultrasonography (US). In early 2016, a pregnant woman at 18 weeks' gestation with laboratory-confirmed ZIKV infection was reported. 9 Fetal US studies between 13 and 17 weeks' gestation demonstrated no abnormalities; by 20 weeks' gestation, fetal US showed fall-off in fetal head circumference (HC) percentiles. 9 Using fetal magnetic resonance imaging (MRI), significant fetal brain malformations were identified. Neuropathologic findings at fetopsy showed striking apoptosis in intermediately differentiated neuronal precursor cells, corresponding with the fetal MRI lesions. 10 The primary objective of this study was to perform a longitudinal evaluation of the fetal and neonatal brain of fetuses and infants exposed in utero to maternal ZIKV infection in any trimester, using concomitant MRI and US during the second and third trimesters and in the newborn. We hypothesized that fetal MRI would detect ZIKV-induced brain abnormalities earlier than US and that a broad spectrum of brain abnormalities would be detected among fetuses and infants exposed to maternal ZIKV infection. Secondary objectives were to determine the duration of viremia in pregnant, ZIKV-infected women and whether the duration of viremia correlated with the incidence of fetal and infant brain abnormalities.
Methods

Participants
Between June 15, 2016, and June 27, 2017, we prospectively enrolled 82 pregnant women with ZIKV infection at 2 sites:, Washington, DC (n = 2, travel-related infection), and Barranquilla, Colombia (n = 80). Institutional review board approval was obtained at each site by Children's National Medical Center Institutional Review Board and Comite Institucional De Revision Y Comite Independentiente De Etica en Investigacion. The women provided written informed consent; there was no financial compensation. This study followed the Standards for Reporting of Diagnostic Accuracy (STARD) reporting guideline.
Colombian pregnant women with symptoms meeting Centers for Disease Control and Prevention (CDC) clinical criteria for probable ZIKV infection, with or without confirmatory laboratory testing, were considered eligible. Most women had laboratory confirmation with 1 or more of ZIKV polymerase chain reaction (PCR), IgM, IgG, and plaque-reduction neutralization assay. Women were excluded if they were asymptomatic, with the exception of 1 participant in Colombia with a severely affected (symptomatic) fetus and positive testing. Women in Colombia were identified by direct community recruitment and physician referral and enrolled through an established clinical research facility (BIOMELAB). Travelrelated cases of pregnant Washington, DC, residents were referred to the Congenital Zika Program at Children's National Health System by their obstetricians after ZIKV exposure and met CDC clinical criteria for probable ZIKV infection. Women were excluded if unable to undergo MRI.
Clinical and Laboratory Studies
Clinical data, including timing of symptoms of ZIKV infection, were documented for each participant. Blood samples were collected at the time of the fetal MRIs. Zika virus blood testing for United States-based patients was initially performed at regional health departments (Maryland, Virginia, or Washington, DC) and at the CDC, Atlanta, Georgia. Validated ZIKV testing by PCR, ZIKV envelope, and NS-1 targeted IgM, IgG, and plaque-reduction neutralization assay performed by the CDC's Arboviral Branch, Fort Collins, Colorado, was possible only for the first 52 participants (2 United States, 50 Colombia). While not a condition of inclusion, all Colombian women (including the 30 without CDC testing) also had a nonvalidated rapid point of care ZIKV IgM and IgG test performed (Health Diagnostics Inc), with positive IgM and/or IgG results in most cases.
Fetal MRI and US Imaging
Women received 1 or more fetal MRI and US examinations during the second and/or third trimesters. For the study, the a priori preferred timing for imaging was 4 and 10 weeks after the onset of ZIKV infection symptoms. Fetal imaging in Colombia was overseen by radiologists (Y.F. and A.M.), after on-site protocol standardization by a radiologist from Children's National Health System (D.I.B.). The fetal MRI was performed on 1.5-T scanners (General Electric). The US and MRI studies were interpreted by an experienced fetal radiologist (D.I.B.) and neuroradiologist (G.V.).
Key Points
Question What does magnetic resonance imaging add to ultrasonography for detecting Zika-virus related brain lesions?
Findings In this cohort study of 82 pregnant women with Zika virus infection, 3 cases of severe fetal brain abnormalities were detected by magnetic resonance imaging; in 2 of these, ultrasonography results were abnormal. In neonates, cranial ultrasonography and brain magnetic resonance imaging revealed new relatively mild findings in 23 of 61 infants; most abnormalities were seen on ultrasonography.
Meaning Although the combination of prenatal and postnatal ultrasonography and magnetic resonance imaging is needed to capture the full spectrum of Zika-virus related brain injury, ultrasonography detected most abnormal cases. Magnetic resonance imaging examinations of the fetal brain included single-shot, fast-spin, echo T2-weighted images acquired in the axial, sagittal, and coronal planes; diffusion and T1-weighted images were not routinely acquired. The images were evaluated for structural abnormalities, including malformations, ventriculomegaly, and evidence of acquired brain injury. The fronto-occipital and biparietal cerebral diameters, cerebellar vermis and diameter, and corpus callosum length were measured. Biometric measurements and estimation of fetal cortical maturation were compared with ageexpected norms.
11 Fetal US was used to evaluate measurements of cerebral HC, biparietal diameter, body biometry, and interval growth between research scans. Fetal HC z scores were calculated from US measurements based on gestational age using the Hadlock method.
12
Postnatal MRI and US Imaging
After birth, infants underwent unsedated brain MRI and cranial US scans. The postnatal MRI protocol included T1-and T2-weighted images of the brain, along with axial diffusion and susceptibility-weighted images. During the first postnatal research visit, HC was measured and the z score was calculated using the Fenton growth chart 13 and percentile assigned was based on World Health Organization charts. 14 Magnetic resonance imaging was not performed when infants were unable to fall asleep naturally or parents declined.
Statistical Analysis
A paired t test was used to determine a difference in HC z score from the first to second fetal US. Findings were considered significant at P < .05. Statistical analysis was conducted with Stata/SE, version 14.2 (StataCorp LLC).
Results
Demographics and Clinical Characteristics
The demographics, clinical characteristics, and timing of imaging of 82 maternal-fetal dyad participants are reported in Table 1 . All women, except 1 asymptomatic case, had clinical evidence of ZIKV infection in pregnancy; the first 52 cases all had CDC laboratory test results positive for ZIKV infection (Table 1) . Seventy-five of 80 live-born infants (94%) were born at term (≥37 weeks' gestation). One pregnancy was terminated at 23 weeks owing to severe fetal brain abnormalities. One case, with normal fetal imaging, resulted in near-term fetal death of an unknown cause. One live-born infant, with significant brain abnormalities shown on fetal imaging, died at age 3 days. One infant required neonatal neurosurgical intervention for an encephalocele.
Fetal MRI vs US Findings
Three of 82 fetuses (4%) had MRI abnormalities potentially consistent with congenital ZIKV infection (Table 2, Figure 1 , Figure 2 , and Figure 3 ), 1 of whom had normal fetal US (Table 2 ). In the 79 other fetuses, brain biometry and sulcal maturation were normal as shown by fetal US and MRI. Excluding the 3 Cranial US only 8 (13)
Postnatal neuroimaging age, mean (SD), d
Cranial US (n = 57) 23.9 (21.4)
Brain MRI (n = 53) 23.9 (21.5)
Abbreviations: CDC, Centers for Disease Control and Prevention; MRI, magnetic resonance imaging; PCR, polymerase chain reaction; PRNT, plaque-reduction neutralization assay; US, ultrasonography; ZIKV, Zika virus.
a One case has been previously reported. 6 Research Original Investigation Sequential Neuroimaging of the Fetus and Newborn With In Utero Zika Virus Exposure cases with severe fetal brain findings and those with unsure pregnancy dating, the mean (SD) z score of the HC at the first US was 0.27 (1.13) compared with −0.10 (1.03) at the second US among the 44 fetuses who had 2 fetal measures (P = .02).
Additional Changes on Postnatal Imaging
Birth HC mean (SD) z score was 0.07 (0.96) and of normal percentile for gestational age (Fenton chart, mean 50th percentile [range, 5th to 100th percentile]), except in the infant with (Table 1) . Excluding choroid plexus cysts, 23 of 61 infants (38%) with postnatal imaging had findings on brain MRI and/or cranial US. Magnetic resonance imaging and US identified different findings. Seven of 53 infants (13%) had abnormal MRIs (eTable in the Supplement). After normal findings on serial fetal imaging, 1 infant had a chronic parietal infarct shown on brain MRI at 16 days; the infarction was considered a potential complication of ZIKV. 6 Seventeen infants had postnatal MRIs of limited quality owing to excessive patient motion or incomplete studies. Cranial US in 21 of 57 infants (37%) had 1 or more findings (eTable in the Supplement); all were poorly characterized by MRI. Eight cases (14%) of choroid plexus cysts have unclear prognostic significance.
Limited Correlation of Viremia With Fetal Brain Injury
Of the 3 cases with severe fetal brain findings, 2 (cases 1 and 2, Table 2 ) had negative maternal ZIKV PCR results at 9 and 12 weeks after symptom onset, and the mother of fetus 3 was asymptomatic. In these 3 fetuses, however, maternal ZIKV IgM was positive in 2 and equivocal in 1; all had positive ZIKV IgG and plaque-reduction neutralization assay (>10). Only the fetus with chronic parietal infarction identified by postnatal brain 
Research Original Investigation
Sequential Neuroimaging of the Fetus and Newborn With In Utero Zika Virus Exposure MRI 6 had maternal ZIKV genome detectable by PCR longer than 3 weeks from symptom onset. In this case, maternal ZIKV PCR became negative by 10 weeks after the onset of symptoms. The ZIKV PCR result was negative in all other maternal samples; however, many samples were acquired more than 3 weeks from symptom onset. All newborns had negative ZIKV PCR and IgM serologic test results.
Discussion
To our knowledge, this is the first longitudinal study using serial fetal and neonatal brain imaging (concomitant MRI and US) in infants with intrauterine ZIKV exposure. Among our predominantly Colombian cohort, we found that 96% of fetuses had normal MRI and US results during pregnancies complicated by ZIKV infection. Fetal brain abnormalities identified by MRI in 4% of the infants were significant and not well recognized on US. Normal fetal brain MRI findings remained normal on subsequent fetal studies. Despite normal fetal MRI study findings, we found a small but significant decrease in fetal HC by serial US measurements, the clinical significance of which is as yet unclear. In contrast to the sensitivity of fetal US, neonatal cranial US detected changes in 37% of the infants, which were not well recognized on postnatal MRI. Postnatal brain MRI found mild changes that were not detected during the fetal period. Overall, MRI and US were complementary and in combination provided a more complete evaluation of the fetal and neonatal brain after in utero ZIKV exposure. Fetal MRI study findings were either strikingly abnormal or normal and did not show the spectrum of anomalies that we had anticipated. The fetal brain anomalies included cerebellar hypoplasia, abnormal cortical folding, ventriculomegaly, brainstem dysplasia, and encephalocele with Chiari II malformation and have been described in other reports of congenital ZIKV infection. 9, 10, 15 Conversely, it remains unclear whether encephalocele and other neural tube defects have causal associations with ZIKV infection. The finding of heterotopias has been described at autopsy in a microcephalic fetus with ZIKV. 16 Heterotopias are a form of neuronal migration defect. In the nodular periventricular form seen in our cases, neuronal clusters abut the ventricular wall in a region transiently occupied during development by the germinal matrix, a zone rich in the progenitor cells that are a known tropic target for ZIKV. 10, 17 The heterotopias were not detected by US.
Based on previous reports of congenital ZIKV syndrome, 18, 19 we anticipated a higher rate of fetal brain abnormalities because most women enrolled in our study had symptomatic ZIKV infection in the first trimester. Early pregnancy is a period of higher risk based on other cohort studies 18 and is supported by neuropathologic analyses of ZIKV tropism in the developing brain. 10 In our cohort, fetal brain abnormalities were shown in only 1 of 66 women (2%) with symptomatic infection in the first trimester, which is lower than 12.7% reported among women in the French Territories of the Americas. 18 Conversely, 1 of our cases (case 2) with significant fetal brain anomalies had maternal symptoms of ZIKV in the second trimester. The reason for this difference between our cohort and others is likely multifactorial, with
other, yet unknown, genetic and environmental influences that affect the natural history of congenital ZIKV. Differences in case definition used in different parts of Brazil also contribute to varying rates of microcephaly from 3% in Rio de Janeiro 19 to 41% in Recife. 20 Furthermore, dizygotic twins infected with ZIKV can have different clinical outcomes. 21 Compared with the fetal brain abnormalities shown on MRI, the postnatal brain MRI abnormalities were mild. Germinolytic cysts, seen on MRI in 2 cases, have been reported in other ZIKV cohorts, 22 but the other brain MRI findings are nonspecific and of unknown association with ZIKV exposure. One of the infants in our cohort had evidence of a cerebral infarct detected by postnatal brain MRI. 6 Based on the brain MRI features, the injury preceded birth. It is unclear whether this lesion is the result of a direct destructive viral insult or owing to vaso-occlusive ischemia. Cerebral vasculopathy has been described in ZIKV infection 23 and was evident on postnatal US in the form of lenticulostriate vasculopathy in our study and others. 22 Potential embolic sources include placental thromboembolism secondary to placental inflammation, a mechanism noted in cerebral infarctions following congenital infections. 24 In the appropriate epidemiologic context, congenital ZIKV infection may be associated with fetal and neonatal cerebral infarction.
23,25
The high prevalence in our postnatal cranial US studies of germinolytic and subependymal cysts, as well as lenticulostriate vasculopathy, was unexpected. Cranial US findings of germinolytic or subependymal cysts and lenticulostriate vasculopathy may be associated in some cases with congenital infection. 7, 26, 27 In a report of ZIKV-related birth outcomes from Brazil, 7 of 38 infants (18%) who underwent cranial US had features of lenticulostriate vasculopathy, subependymal cysts, choroid plexus cyst, or cranial hemorrhage. 22 These postnatal US changes were less evident on brain MRI, possibly because the signal of the cysts is similar to that of cerebrospinal fluid and the cyst walls are thin, making US more sensitive for detecting these changes. We hypothesized that prolonged maternal viremia would be associated with fetal brain injury owing to ZIKV infection; however, this was not observed in our study. In a previously reported case of prolonged maternal viremia associated with severe fetal brain damage, there was resolution of maternal PCR only after delivery of the fetus. 9 In our 3 cases of severe fetal brain abnormalities, maternal PCR studies were performed outside the usual window of viremia, a feature of other studies of congenital ZIKV syndrome. 28 Zika viremia was prolonged in only 1 of our cases, who subsequently developed cerebral infarction. For most of our cases, fetal MRI did not add value beyond US. Most of our cases had normal fetal MRI findings and, for pregnant women and their families, MRI provided additional reassurance. Because only the infants with normal fetal MRI findings had postnatal imaging, we cannot report the predictive associations of fetal MRI. Postnatal imaging findings, however, were relatively mild among the 23 cases who had a finding on brain MRI and/or cranial US. Therefore, normal fetal imaging had predictive associations with normal postnatal imaging or mild postnatal imaging findings unlikely to be of 
Limitations
This study is limited by variation in timing of maternal infection and symptoms, ZIKV testing, MRI, and US; fetal MRI technique; and incomplete postnatal imaging. We anticipated higher enrollment of travel-related cases in Washington, DC. The 1 enrolled asymptomatic woman came to the attention of the Colombian research team owing to an identified fetal abnormality and positive ZIKV testing. Abnormal cases were identified at both sites. Our fetal MRI protocol included only T2-weighted sequences, a widely used approach, because the resolution and quality of T1-, diffusion-, and susceptibility-weighted sequences in fetal MRI are limited compared with postnatal MRI, owing to fetal motion artifact and the intrauterine fetal location precluding use of a dedicated head coil. Postnatal brain MRI, which includes these additional sequences, would therefore be expected to detect more abnormalities than fetal MRI. In some cases, postnatal MRI was limited owing to movement artifact. It is possible that small cysts may have been present, but not recognized, because of infant movement. Even with considerable efforts to acquire postnatal imaging in all infants, some were lost to follow-up, parents declined appointments, or owing to neonatal death or a medical condition, did not have postnatal neuroimaging. Despite the technical challenges of fetal MRI, radiologists in Colombia with limited prior experience became rapidly proficient at acquiring highquality fetal MRI studies, supporting the value and potential for multinational collaborative research partnerships. 29 The limitations of ZIKV laboratory testing have become widely recognized, especially in areas with circulating ZIKV and other circulating Flaviviruses where multiple opportunities for exposure are possible. Although laboratory confirmation was not a requirement for inclusion, validated ZIKV testing was performed by the CDC for the first 52 participants. Only 1 woman had positive PCR identification. Although PCR is the most specific mode of ZIKV confirmation, its diagnostic utility in this clinically defined population was limited because most women were enrolled more than 12 weeks from symptom onset; thus, negative test results do not exclude infection when performed beyond 3 weeks of symptom onset. Likewise, the utility of IgM testing was limited because most women did not have testing performed within the 2-to 12-week window after symptom onset, when this test is known to be most sensitive.
Conclusions
This study of prospectively enrolled women with pregnancies complicated by ZIKV infection found that sequential fetal neuroimaging was normal in most fetuses, and in the small number of positive studies, the findings were severely abnormal. Absence of prolonged maternal viremia did not have predictive associations with normal fetal or neonatal brain imaging. Postnatal imaging can detect changes not seen on fetal imaging, supporting the current CDC recommendation for postnatal cranial US. 8 There is a need for long-term follow-up to assess the neurodevelopmental significance of these early neuroimaging findings, both normal and abnormal; such studies are in progress.
